or soil nutrient amendments (Mathias et al., 2014; Shurson et al., 2004) , many of the biocatalysts used in industrial chemical production have been genetically modified (GM), limiting reuse in these fields due to concerns over horizontal gene transfer (Andersen et al., 2001; Halter and Zahn, 2016; Yu et al., 2013) .
Although research into GM SMB land application is limited, a few examples of successful implementation have demonstrated its potential as a crop nutrient source. The biotechnology company Novozymes began distributing their chemically inactivated SMB to farmers in Brazil over 20 yr ago in the form of the organic fertilizer NovoGro, and has since expanded this system to sites in other countries (Andersen et al., 2001; Novozymes, 2006 Novozymes, , 2011 . Last year, Novozymes reported that they were able to recover and convert 97% of their total waste SMB to NovoGro (Novozymes, 2016) . In the United States, Wortmann et al. (2015) studied the land application of Novozymes' lime-stabilized SMB on corn and soybean [Glycine max (L.) Merr.], and found potential for its use as a crop N source. The abundant quantities of SMB resulting from white biotechnology processes in the United States indicate there is still great opportunity for reuse as a crop nutrient source if farmers can maintain profitable crop yields, and if GM transfer concerns are addressed.
An industrial fermentation process in Loudon, TN, employs a GM biocatalyst to convert corn starch into the organic compound 1,3-propanediol (PDO) (Kurian, 2005; Nakamura and Whited, 2003) . Approximately 12,000 t of SMB from this process are produced on an annual basis, and the material is disposed of in sanitary landfills. Analyses of this SMB indicate the potential for its reuse as a crop N source. The SMB contains ~50% C on a dry matter (DM) basis, ~11% N (DM), and trace amounts of other essential plant nutrients including Ca, Cl, Cu, K, Mo, P, and Zn (Halter and Zahn, 2016) . Further validating the opportunity for land application reuse, a 2015 study tracked the DNA degradation of SMB from PDO production in laboratory and field environments (Halter and Zahn, 2016) . The researchers found that DNA presence was not detectable in the field 14 d after application, and saw no evidence of gene transfer within local microbial communities.
The reuse of SMB in crop production as a supplemental or alternative nutrient source to synthetic fertilizers could have several positive impacts including the recycling of a waste product, reduced nutrient costs for farmers, and decreased reliance on synthetic fertilizers and the environmental degradation associated with their use. Further, beneficial utilization of SMB would improve the life cycle assessment for PDO production by reducing the environmental footprint of the manufacturing process and decreasing the cost of landfill disposal (EPA, 2016; Halter and Zahn, 2016) .
In this study, we evaluated the use of SMB from PDO production as a nutrient source in tall fescue and corn production to determine whether the material could serve as an alternative N source to fertilizer and be recycled as a value-added product. The results indicate the potential for SMB use from a nutrient and yield standpoint.
MATeRIALS AnD MeTHoDS Site Description and preliminary Sampling
This study was conducted on a private farm in Lenoir City, TN (35°44¢6.48² N, 84°11¢2.23² W) during the 2015 growing season. The soil type was a Dewey silty clay (fine, kaolinitic, thermic Typic Paleudult) with 8% sand and 50% silt (top 15 cm) (Soil Survey Staff, 2015) . The average annual precipitation at the site is 1300 mm, and the mean annual temperature is 15°C (NCDC, 2015) .
Prior to planting, composite soil samples from the top 15 cm were taken from the tall fescue and corn field sites for analysis of soil water pH and routine soil test macro-and micronutrients (P, K, Ca, Mg, Zn, Fe, Mn, B, and Na) used statewide to develop lime and fertilizer recommendations (Mehlich, 1953) (Soil, Plant, and Pest Center, Nashville, TN). Field trials utilized heat-inactivated SMB produced from a GM derivative of Escherichia coli K12 (Genbank accession no. U00096.3) that lacked λ-DNA sequence and F plasmid (F-). A composite sample of SMB was chemically analyzed by Galbraith Laboratories Inc. (Knoxville, TN) using American Society for Testing and Materials (ASTM), Environmental Protection Agency (EPA), and U.S. Pharmacopoeia (USP) standard methods before it was transported to the field (Table 1) (ASTM, 1992; ASTM, 1996; EPA, 1994; EPA, 1996; Pfaff, 1993; USP, 2015) . The SMB composition was similar to that found by Halter and Zahn (2016) with C and N contents of 51.9 and 11.8% (DM), respectively. Cell viability measurements indicated that no live cells were present in the SMB after the inactivation process (Halter and Zahn, 2016) .
experimental Design
The tall fescue study was a randomized block design (RBD) with five treatments and four blocks, with each block running parallel to the hillslope. Each plot was 1.83 by 9.14 m and received one of five nutrient rate treatments: three SMB application rates-1.34 (SMB 1), 2.69 (SMB 2), and 4.03 t DM SMB ha -1 (SMB 3); a farmer practice treatment receiving 337 kg 19-19-19 fertilizer ha -1 (64 kg N ha -1 ) (FP); and a control receiving 0 kg N ha -1 (Control). The SMB rates were selected based on N content and to represent simplified rates which farmers in the United States would likely apply in the field (1, 2, and 3 U.S. tons wet mass SMB acre -1 at the measured moisture content of 40%, for the SMB 1, 2, and 3 rates, respectively). Based on SMB composition (Table 1) , the total N rates applied in tall fescue SMB treatments were 158, 316, and 475 kg N ha -1 , for the SMB 1, 2, and 3 rates, respectively. In addition to the treatment plots, an 84-m 2 N-rich reference strip was established parallel to the study for handheld crop sensor calibration, which received 112 kg N ha -1 as granular urea (46-0-0) (Trimble, 2012) .
Despite the high total N application rates and the low C/N ratio of the SMB, much of the N is found in organic forms which must be mineralized before becoming available for crop uptake. Additionally, SMB was surface applied and was not incorporated. For these reasons, we expected SMB N to mineralize slowly, similar to manure rates, with only a fraction of total SMB N expected to become available for plant uptake in the first year following application (Castellanos and Pratt, 1981) .
The corn study was also a RBD, with six treatments and four topographical blocks (blocks parallel to slope). Each plot was 4.56 by 9.14 m, included six rows of corn, and received one of six nutrient rate treatments: five SMB application rates-1.34 (SMB 1), 2.69 (SMB 2), 4.03 (SMB 3), 5.38 (SMB 4), and 6.72 t DM SMB ha -1 (SMB 5); and a farmer practice treatment receiving 213 kg N ha -1 as urea (FP). Again, these values were selected to represent rates which U.S. farmers would realistically apply in the field and convert to 1, 2, 3, 4, and 5 U.S. tons wet mass SMB ha -1 at 40% moisture, respectively. Total N rates applied in the corn SMB treatments were 158, 316, 475, 632, and 760 kg N ha -1 for SMB 1, 2, 3, 4, and 5, respectively. A 250-m N-rich reference strip receiving 280 kg N ha -1 as urea was also established parallel to the treatment plots for chlorophyll meter calibration (Peterson et al., 1993; Shapiro, 1999) .
The KY-31 tall fescue used in this study was planted in the 1960s and has since been under continuous production with maintenance N, P, K, and lime applied according to soil test recommendations. The cornfield has been managed using conservation agriculture practices, including 15 yr of no-till, maintained near-continuous residue cover over the soil surface, and a corn-soybean rotation. Corn (Becks 6347 hybrid corn seed) was planted on 12 Apr. 2015 using a John Deere 1790 16-row planter (John Deere Co., Moline, IL) with 76-cm row spacing at a density of 84,000 plants ha -1 . Nitrogen fertilizers and SMB were hand applied to tall fescue and corn plots on 21 Apr. 2015. In addition, P and K were hand-applied based on soil test recommendation rates to all tall fescue and corn plots as triple superphosphate (0-45-0) and potash (0-0-60) Joines, 2009a, 2009b) .
Tall Fescue
The tall fescue was harvested at the full-head stage on three dates in the 2015 growing season: 12 May, 27 July, and 9 September. Prior to the first and last harvests, the NDVI was measured in three locations per plot using a GreenSeeker handheld crop sensor (Trimble Navigation Ltd., Sunnyvale, CA) to provide an indicator of crop N status (Trimble, 2012) . At each harvest, a 1.06 by 9.14 m strip in the middle of each plot was cut to 5-cm stubble using a Troy-Bilt Trailblazer sickle bar mower (Garden Way Incorporated, Troy, NY). The total mass harvested per plot was measured in the field using a portable balance, and a sample was dried at 49°C for 72 h, from which forage DM and water content were determined (Barnhart, 2009) . These samples were then further dried for lab analysis at 55°C for 24 h, and ground using a Thomas Model 4 Wiley Mill with a 1 mm mesh size screen (Novotny et al., 2013) (Thomas Scientific, Swedesboro, NJ) .
A subsample of ground tall fescue was analyzed for forage quality using NIRS with a NIRS 5000 Feed and Forage Analyzer (FOSS, Hillerød, Denmark) and WinISI II software (Infrasoft International, LLC, Port Matilda, PA). The following forage quality constituents were analyzed: acid detergent fiber (ADF), ash, Ca, crude protein (CP), digestible neutral detergent fiber 48 h (dNDF48h), DM, dry matter digestibility (DDM), ‡ nd, not detected; MDL, minimum detection limit; DM, dry matter. § DNA and lipid composition of this sample were not determined at the time of this analysis, but prior analyses of spent microbial biomass (SMB) from the same PDO production process have found a mean lipid composition of 4.70±0.10% and DNA composition of 2.25±0.26% dry matter.
dry matter intake (DMI), estimated net energy (ENE), fat, in-vitro true dry matter digestibility 48 h (IVTDMD48h), K, lignin, Mg, metabolizable energy (ME), moisture, neutral detergent fiber assayed with a heat stable amylase and expressed inclusive of residual ash (aNDF), neutral detergent fiber digestibility (NDFD), net energy for gain (NEg), net energy for lactation (NEl), net energy for maintenance (NEm), nonfibrous carbohydrates (NFC), P, relative forage quality (RFQ), rumen undegradable protein (RUP), and total digestible nutrients (TDN) (Bates et al., 2015) . Equations for this analysis were standardized and checked for accuracy using the 2012 grass hay equation developed by the NIRS Forage and Feed Consortium. The Global H statistical test compared each sample against the model and other samples within the database for accurate results, where all forage samples fit the equation with H < 3.0 and were reported accordingly (Murray and Cowe, 2004) .
Corn
Plant population stand counts from three 5.32-m lengths of row (Gibson, 1998) and residue cover using the line-transect method (Morrison et al., 1993) from each plot were collected at the vegetative (V) 4 crop stage. Crop height from the soil surface to the end of the tallest fully extended leaf was measured on eight crops per plot from the interior four rows at the V5 and V12 crop stages.
Leaf chlorophyll content was measured at the V12 and VT (tassel) crop stages using a Minolta SPAD-502Plus chlorophyll meter (Konica Minolta, Tokyo, Japan). The SPAD meter was used according to methods recommended by Salmerón et al. (2011 ), Víg et al. (2012 , and Yang et al. (2012) . At the V12 crop stage, the SPAD meter was used on five randomly selected plants per plot. Four points per plant moving down one side of the youngest fully expanded leaf were measured and averaged. At the VT crop stage, the SPAD meter was used on the ear leaf instead (as is recommended after tasseling) and five measurements per plant were obtained and averaged. The maximum SPAD value from the N-rich reference strip was used to calculate a sufficiency index from each treatment plot, with a 95% limit for sufficiency (Peterson et al., 1993) .
Corn was hand harvested on 17 Sept. 2015 and plot yields were estimated similar to the ear weight method described by Lauer (2002) . All stalks from a 5.3-m length in the middle of each of the two interior rows (10.6 m in total) per plot were counted, and all ears from these same plants were counted and harvested. Ears were transported to a lab at the University of Tennessee, Knoxville, where the total dehusked ear weight for each plot harvest sample was measured, and ears were shelled by hand using a Maximizer corn sheller (Pleasant Hill Grain, Hampton, NE). The empty cobs were weighed again, and grain weight was calculated. Grain moisture was measured on three samples of shelled grain for each plot using a Dickey-John mini GAC plus moisture tester (Dickey-John Corp., Auburn, IL). To calculate yield, the total grain weight from each plot was multiplied by 1233 (harvest area was 1/1233 of a hectare [1/500th of an acre]) and corrected to 15.5% moisture using the measured values (Lauer, 2002) .
Statistical Analysis
Mixed models ANOVA was used to test for differences between treatment N uptake as indicated by the measured variables in the tall fescue and corn studies, with each crop analyzed separately (SAS 9.4, Cary, NC). Repeated measures ANOVA was used for all tall fescue variable analyses and the corn variables repeated over time (crop height and SPAD values) to determine the impact of SMB degradation and nutrient mineralization on crop production throughout the growing season. Treatments were analyzed in the whole plot, and harvest/crop stage were analyzed in the subplot. Least squares means were separated using Dunnett's test at the 0.05 significance level to compare SMB and control treatments to the FP in each study (Dunnett, 1980 ) (SAS 9.4). Orthogonal polynomial contrasts were also used to examine regression trends across SMB application rates for both crops, with the control as the 0 SMB rate in the tall fescue study (SAS 9.4).
ReSULTS AnD DISCUSSIon

Tall Fescue plant Biomass
Treatment means supported the use of SMB as an alternative N source to fertilizer from a plant biomass perspective. Differences in tall fescue DM plant biomass were found by treatment, harvest date, and the treatment × harvest date interaction (P < 0.05) ( Table 2 ). The plant biomass from the SMB 1 and 2 treatments, as well as the control, did not differ significantly from FP plant biomass at any of the three harvests (Table 3) . SMB 3 produced significantly greater tall fescue plant biomass than the FP in July, but was not different in May and September.
In Tennessee, cool-season perennial grass plant biomass is typically greatest at the first harvest (Bates, 1999) , which was not the case for our tall fescue. The May plant biomass was low across all treatments, ranging from 0.65 to 0.94 Mg ha -1 . This harvest occurred only 3 wk after SMB and fertilizers were applied, so it is unlikely that a significant portion of SMB N had mineralized at this point for crop uptake. In addition, <6 mm of precipitation fell between treatment application and the first harvest, which likely also affected fertilizer N availability (Table 4 , U.S. Climate Data, 2016) . By the second harvest in July, N uptake across all treatments improved and overall plant biomass increased. SMB 3 produced 74% more plant biomass than the FP at this time (P< 0.01) ( Table 3) . At the third and final harvest in September, all treatment plant biomass production had again declined and no significant differences were found (Table 3) .
Orthogonal contrasts of SMB treatments indicated that the amount of SMB applied affected tall fescue plant biomass production, with a predominately linear trend representing 90% of treatment differences, caused by high plant biomass at the second harvest (P < 0.05) ( Table 2) . When means were combined across all harvest dates, SMB treatment plant biomass increased rapidly from 0.81 to 1.41 Mg ha -1 with the increase in SMB application rate from 0 in the control to 2.69 t DM SMB ha -1 in SMB 2. From SMB 2 to SMB 3 the increase in plant biomass production moderated to 1.45 Mg ha -1 with an SMB application rate of 4.03 t DM SMB ha -1 . * P < 0.05. ** P < 0.01. *** P < 0.001. † NDVI, normalized difference vegetation index; ADF, acid detergent fiber; aNDF, neutral detergent fiber assayed with a heat stable amylase and expressed inclusive of residual ash; CP, crude protein; DDM, dry matter digestibility; DM, dry matter; DMI, dry matter intake; dNDF48h, digestible neutral detergent fiber 48 h; ENE, estimated net energy; IVTDMD48h, in-vitro true dry matter digestibility 48 h; ME, metabolizable energy; NDFD, neutral detergent fiber digestibility; NEg, net energy for gain; NEl, net energy for lactation, NEm, net energy for maintenance; NFC, nonfibrous carbohydrates; RFQ, relative forage quality; RUP, rumen undegradable protein; TDN, total digestible nutrients. ‡ Orthogonal polynomial contrasts only include SMB treatments and the control, farmer practice (FP) is excluded. § L, linear; Qd, quadratic; C, cubic.
¶ P values for all nutrient treatment and harvest levels.
# Variance associated with block, block × treatment interaction, and block × treatment × harvest interaction.
† † Variable units provided for variance estimates. ‡ ‡ Plant biomass and all near-infrared reflectance spectroscopy (NIRS) analysis values are reported on a 100% DM basis. . § Means separated across each row and within each harvest using Dunnett's test to compare SMB and control treatment means to the FP. ¶ Plant biomass and all near-infrared reflectance spectroscopy (NIRS) analysis values are reported on a 100% DM basis.
normalized Difference vegetation Index
GreenSeeker NDVI readings from the first and third harvest dates suggested increasing tall fescue N uptake at the higher SMB rates as the season progressed (Table 2) . At the first harvest in May, SMB 1, SMB 2, and the control had significantly lower NDVI than the FP ( Table 3 ), indicating that the readily available N supplied by the fertilizer facilitated greater nutrient uptake and chlorophyll production at this time. However, the SMB 3 treatment mean NDVI reading was not different from the FP on this date, suggesting that this application rate provided a similar amount of plant available N to the crops.
By the third harvest in September, treatments SMB 2 and 3 had significantly greater NDVI readings than the FP with mean values of 0.79, 0.78, and 0.73, respectively (Table 3 ). The control treatment mean NDVI value was equal to the FP, indicating that significant fertilizer nutrients were no longer present for crop uptake. The improvement in chlorophyll production across all SMB treatments relative to the fertilizer-treated plots later in the season further supports the idea that the SMB acts as a slow release nutrient source.
The SMB treatment NDVI differences were significant with linear and quadratic trends, 91 and 9% of treatment differences, respectively. There were strong positive linear trends on both dates as leaf chlorophyll production and NDVI readings increased at the higher SMB rates (P < 0.05) ( Table 2) .
Forage Quality
The NIRS analysis indicated a trend similar to plant biomass and NDVI in the overall improvement of forage quality in SMB treatments over time (Table 2) . Forage CP contents provided a good indicator of SMB decomposition and N mineralization compared to the fertilizer, as the control CP was significantly lower than the FP at all three harvests (Table 3 ). In May, the only SMB rate which differed in CP from the FP was SMB 1, which was significantly lower. By July, more SMB N had mineralized, and tall fescue from the SMB 2 and SMB 3 treatments contained greater CP than the FP with means of 18.03, 19.09, and 15.55%, respectively. At the last harvest, all SMB CP contents were again similar to the FP.
Other differences in SMB forage nutrient content occurred throughout the growing season, but were not confined to a specific rate (Table 3 ). In May, SMB 2 contained lower P than the FP, and SMB 3 was lower in K in July, despite all treatments receiving the recommended P and K rates from the soil test, plus additional nutrients mineralized from the SMB. The SMB 1 treatment contained lower Ca than the FP in September. No differences between SMB treatment Mg contents compared to the FP occurred at any harvest.
The digestibility parameters measured by the NIRS analysis also showed improvements in tall fescue quality later in the season (Table 3) . Measures of fescue indigestible or slowly digestible components were ADF, aNDF, lignin, and RUP, with lower numbers indicating better animal digestibility and forage uptake. The highest SMB rate, SMB 3, did not generate significant differences in ADF, aNDF, or lignin when compared to the FP on any of the harvest dates, though differences in the lower SMB rates did occur. In September, all SMB treatments contained significantly lower RUP than the FP and control, indicating that more protein from the SMB was degradable compared to the fertilizer-treated plots. Measures of tall fescue digestible components (digestible DM, protein, fiber, and sugar) included DDM, dNDF48h, IVTDMD48h, NDFD, NFC, and TDN. The SMB 3 treatment forage was not different from the FP in any of these parameters at any of the three harvests (Table 3) . Consistent with patterns seen in forage indigestible components, digestibility declined in the SMB 1 and 2 rates and more differences were seen at the last harvest.
The fescue energy indicators, ENE, ME, NEg, NEl, and NEm, were all significantly lower in the control in May and SMB 1, SMB 2, and the control in September (Table 3 ). In addition, SMB 2 was lower in NEg in May compared to the FP.
Lastly, the RFQ provided an overall indicator of forage quality (Table 3 ). The significantly lower RFQ in the SMB 2 treatment in May was the only incidence of SMB treatment RFQ difference from the FP (P < 0.01). All treatments in May fell within the southeastern forage quality categorization system range for "good quality" (RFQ 110-139) and were either of "good" or "fair quality" (RFQ 90-109) in July and September (Hancock, 2011) .
When NIRS variable means were analyzed by harvest date, many variables followed plant biomass trends ( Table 2) . Most of the NIRS analysis traits were found to be greatest across all treatments at the second cutting (nutrients, CP, fat, energy, and digestibility), and the indigestible components were found to be lowest. Dry matter, dNDF48h, NDFD, and RFQ were all significantly greatest during the May harvest, while K, lignin, and ADF were greatest in the September harvest.
Orthogonal polynomial contrasts within SMB treatments identified predominantly strong positive linear trends within the forage quality parameters as SMB rate increased, mostly as linear trends in the July and September harvests (Table 2) . Crude protein and DMI had strong positive linear trends by treatment. Acid detergent fiber, aNDF, ash, DM, DDM, lignin, moisture, Mg, P, TDN and all energy components (ENE, ME, NEg, NEl, NEm) also had linear trends by treatment. Some quadratic and cubic trends were also observed, with quadratic trends apparent in the July and Sept ember harvests, and cubic trends evident in the May and September harvests (Table 2 ). Forage K content had cubic trends by treatment, resulting from differences at the first harvest. IVTDMD48h and NDFD exhibited linear and cubic trends by treatment. Calcium, DM, dNDF48h, fat, moisture, RFQ, and RUP had no overall linear, quadratic, or cubic trends by treatment but some trends did occur within individual harvest dates.
Treatment Summaries
When treatment means over the three harvests were combined, the SMB 3 means for plant biomass, NDVI, and the 26 forage quality variables were never different from the FP (p > 0.05). Differences between SMB rates and the FP increased as SMB rate declined, with 8 and 10 NIRS variables different from the FP in the SMB 2 and SMB 1 treatments, respectively. These treatments exhibited lower overall RFQ, energy, and digestible components, and higher indigestible components.
Compared to the FP, the control was significantly different in 16 forage quality parameters. The control had lower NDVI, CP, P, fat, energy, and digestibility; and contained greater indigestible components. No differences in plant biomass, ash, Ca, DM, dNDF48h, K, lignin, Mg, moisture, NFC, or RUP treatment means between any SMB treatments or the control and the FP were found.
Corn Growing Season Data
The mean population density across all treatments was 77,500 plants ha -1 . No significant differences between treatment residue covers were found (P > 0.05), with an overall mean of 67% cover. Crop height was significant by crop stage (P < 0.001), but not by treatment (Table 5) .
SPAD meter values differed among treatments and by crop stage (P < 0.01) (Table 5 ). When treatment means were combined across the two crop stages, SMB 4 had a greater overall SPAD value than the FP, with values of 60.24 and 57.20, respectively (P < 0.01). This was due to differences at the V12 crop stage, where again the SMB 4 mean SPAD value was significantly greater than the FP. All treatment SPAD values increased from the V12 to VT crop stage as the leaf measured was changed following crop tasseling, but no significant differences between the SMB rates and the FP were found.
The maximum SPAD values measured by the N-rich reference strip were 56.80 and 63.90 at the V12 and VT crop stages, respectively. When sufficiency indices of the treatments were calculated, the FP was the only treatment below 95% at the V12 crop stage; and at VT, SMB 1 and 2 were below 95% sufficiency. Orthogonal polynomial contrasts within SMB treatments suggested that the amount of SMB applied did affect SPAD values, represented by moderate positive linear and cubic trends. This was caused by the decline in overall mean SPAD values from SMB 1 to SMB 2, followed by a rapid increase in values at the SMB 3 and 4 rates. Between SMB 4 and 5, overall SPAD values declined, as SMB 5 chlorophyll content at V12 was not as prolific as the SMB 4 rate, but no differences between these two treatments were found at VT. The relationship between SMB application rate and SPAD values could perhaps have been better represented with more data collected over the growing season than just these two dates.
Corn Yield
Despite some differences in SPAD values across treatments, no differences in dry grain yields were detected between SMB and FP treatments (P > 0.05), with mean yields of 14.18, 14.60, 15.06, 14.37, 14.07, and 15 .08 Mg ha -1 for the SMB 1, 2, 3, 4, and 5, and FP treatments, respectively. These findings are consistent with studies by Blackmer and Schepers (1995) and Shapiro (1999) who found that N deficiencies detected by chlorophyll meters were not always great enough to cause a reduction in yield. This outcome indicates that SMB used in the place of fertilizer did not limit grain production, and there was no difference between the lowest SMB application rate of 1.34 t DM ha -1 and the highest rate of 6.72 t DM ha -1 . This is somewhat surprising, as SMB 1 was estimated to supply <150 kg N ha -1 , which is below the TN recommended rate of 235 kg N ha -1 for equivalent yields (Savoy and Joines, 2009a) , and not all the total applied N was expected to become available for crop uptake in the first year. It is possible that higher than average temperatures during the growing season (Table 4) increased SMB mineralization, allowing more N to become plant available than was previously estimated. It should also be noted that grain quality was not considered in this study, but any differences were minor enough to escape visual detection while hand threshing.
Ear/stalk ratios between SMB treatments and the FP were also similar (P > 0.05), with means of 0. 96, 0.99, 0.96, 0.95, 0.97, and 0.96, for SMB 1, 2, 3, 4, 5 , and the FP, respectively. No significant trends were observed for either grain yield or ear/stalk ratios when SMB rates were contrasted.
ConCLUSIonS
Spent microbial biomass applied at a rate of 4.03 t DM ha -1 in tall fescue and 1.34 t DM ha -1 in corn provided sufficient N to maintain tall fescue forage quality and plant biomass production, and corn yields compared to a fertilizer treatment. These results may be different in other agricultural landscapes, including soil types, crop cultivars, and climatic conditions. The reuse of SMB in land application offers a sustainable alternative to the current method of landfill disposal, which could expand beyond the PDO production process to other areas of white biotechnology. The successful implementation of SMB use as a crop nutrient source will depend on finding farmers who are willing to participate and adapt their management practices. Future research on the use of SMB will need to further consider the timing and rate of application to optimize nutrient mineralization and crop uptake, and will need to consider the logistics of large-scale application including transportation to farmers, machinery to spread the material, and methods to preserve and store the material until it can be used.
